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Abstract
Purpose: The aim of this study was to assess the novel advanced magnetic resonance imaging findings of acute stage
cortical laminar necrosis developing after complicated cardiovascular or abdominal surgery.
Materials and methods: This institutional review board-approved study included patients with postoperative stroke due to
cortical laminar necrosis imaged with magnetic resonance in the acute stage. Brain magnetic resonance imaging exam-
inations were obtained on a 3T magnetic resonance scanner within 48 hours of the neurological symptoms, including
diffusion-weighted images (b value, 1000 s/mm2) and arterial spin labelling using a pseudo-continuous arterial spin
labelling method in four patients. Conventional and advanced magnetic resonance images were analysed to assess the
imaging features in acute stage cortical laminar necrosis.
Results: The final population consisted of 14 patients (seven men and seven women, mean age 61 years, range 32–79 years)
diagnosed with stroke and acute phase cortical laminar necrosis. All the patients presented with cortical lesions showing
restricted diffusion on diffusion-weighted images and hypointensity on the apparent diffusion coefficient map. Cortical
hyperintensity on T2-weighted or fluid-attenuated inversion recovery images was found in three (21%) and six (43%)
patients, respectively. Reduced perfusion was noted in three out of four patients imaged with arterial spin labelling, while in
one case no corresponding perfusion abnormality was noted on the arterial spin labelling maps. Arterial spin labelling
abnormalities were much more extensive than diffusion restriction in two patients, and they were associated with a poor
outcome.
Conclusion: Cortical hyperintense abnormalities on diffusion-weighted imaging may be the only sign of developing cortical
laminar necrosis injury. The acquisition of arterial spin labelling helps to identify perfusion alterations and the extension of
the ischaemic injury.
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Introduction
Cortical laminar necrosis (CLN) is a permanent ischae-
mic injury characterised by damage of selective cortical
layers. Within the cerebral cortex, the third layer is the
most vulnerable, followed by the fifth or sixth, with the
second and fourth being relatively more resistant to
ischaemic necrosis from hypoperfusion.1 CLN usually
occurs when the degree of hypoxic injury is not enough
to cause complete cortical damage. The white matter,
which is less metabolically active, is usually not
involved in this manifestation of ischaemia.
Various clinical conditions have been associated
with the development of CLN. This is most commonly
secondary to anoxic or hypoxic-ischaemic encephalop-
athy following a cardiac and/or respiratory arrest, with
consequent reduction of oxygenation and glucose
supply to the neurons.1 CLN may also manifest in con-
ditions with increased glucose and oxygen request of
the brain, as in status epilepticus when hyperperfusion
is not sufficient to supply the hyperactive and hyperme-
tabolic cortical area.2 Manifestations of CLN have also
been reported in migrainous infarction, moyamoya
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disease, intoxication, hypoglycemia, metabolic dis-
orders, immunosuppressive treatment and
chemotherapy.3–8
Magnetic resonance imaging (MRI) represents the
most accurate method for the non-invasive diagnosis
of CLN. CLN lesions are particularly challenging to
diagnose in the acute stage using only clinical neuro-
logical symptoms and conventional MRI. The typical
hyperintense cortical signal lesion on T1-weighted
images usually appears only 2 weeks after the clinical
onset during the subacute or chronic phases.1,9
Although the brain may appear normal on conven-
tional MRI in the early acute phase, the detection of
acute CLN has significant clinical implications due to
the higher risk of neurological complications and per-
manent brain damage if untreated.2 Only a few case
reports have assessed the abnormality on diffusion-
weighted imaging (DWI) in acute phase CLN.3,4,10,11
Thus this entity still has several unexplored character-
istics and there is a significant gap in the knowledge
regarding the acute phase of CLN, specially with
advanced MRI techniques.
Advanced MRI technique availability is increasing
in clinical practice. DWI is routinely performed for the
early detection of both local and global cerebral infarc-
tion, with the hyperintensity on DWI reflecting the
restricted diffusion of free water due to cytotoxic
oedema. Perfusion imaging represents a new frontier
for advanced MRI studies and is an area of continuous
investigation. Among the different perfusion tech-
niques, arterial spin labelling (ASL) allows the non-
invasive measurement of cerebral perfusion through
magnetically labelled arterial blood water protons as
an endogenous tracer.12 We hypothesise that advanced
MRI may play a significant role in the diagnosis of
CLN lesions in the acute phase, and may help to rede-
fine the extension through the evaluation of the perfu-
sion–diffusion mismatch of the lesion even in critical
patients after major cardiovascular or abdominal sur-
gical procedures. Therefore, the purpose of this study
was to explore the added diagnostic value of arterial
spin labeling technique in patients with cortical laminar
necrosis in acute phase of stroke.
Materials and methods
Our retrospective cohort study was reviewed and
approved by the institutional research review board of
our institution, and informed consent was waived; how-
ever, informed written consent to the MRI was
obtained in all patients.
Patient population
Medical and radiological records of patients referred at
our institution, a tertiary referring centre for trans-
plantation and cardiothoracic surgery, between
January 2017 and December 2018 were reviewed by
two of the authors (EO and RC, with 6 and 5 years
of experience in neuroimaging, respectively) uninvolved
in the imaging interpretation. The initial population
consisted of 435 patients undergoing brain MRI using
the same protocol with the exception of ASL images
and neurological evaluation in the perioperative period
with suspected complications. Among them, patients
were selected if they matched the following inclusion
criteria: (a) age 18 years or older; (b) postoperative
stroke occurring after major cardiovascular of abdom-
inal surgery; (c) MRI within 48 hours after the onset of
neurological symptoms; (d) the presence of ischaemic
lesions involving the cerebral cortex without involve-
ment of the adjacent white matter, suggestive of
CLN.9 Clinical data, including the type of surgical
procedure, neurological symptoms and outcome, were
collected for each patient.
MRI technique and imaging analysis
Brain MRI examinations were obtained on a 3T MR
scanner (Discovery 750w; General Electric Healthcare,
Milwaukee, WI, USA) with a 32 channel brain coil.
The MRI protocol included axial and sagittal fast-
spin echo (FSE) T2W (8000/90 (TR/TE)) images,
axial fluid-attenuated inversion recovery (FLAIR)
(9000/150/2250 (TR/TE/TI)) images, along with axial,
sagittal and coronal non-enhanced FSE T1W (600/20
(TR/TE)) images with a field of view (FOV) of 24 cm,
matrix 320 320, slice thickness 4mm, intersection gap
1mm, number of excitations 1. DWI magnetic reson-
ance images were acquired with the following param-
eters: repetition time (TR), 6000ms; echo time (TE),
88ms; b value, 1000 s/mm2; image averaging, two
times; FOV 230mm.
The ASL sequence was prepared using a three-dimen-
sional, spiral, FSE sequence with background suppres-
sion for perfusion imaging covering the entire brain. A
pseudo-continuous arterial spin labelling (PCASL)
method12 was used with the following parameters:
eight arms with 512 points in each spiral arm, phase
encoding in the z direction: 32, slice thickness: 2.5mm,
slice spacing 2.5mm, TR: 5301, echo time TE: 12, echo
train length (ETL): 1, post-label delay: 2025 seconds,
number of excitations: 2, FOV: 24 cm. Cerebrovascular
perfusion maps were processed from ASL images on a
dedicated workstation (Advantage Workstation version
4.7; General Electric Healthcare, Milwaukee, WI, USA).
ASL images were obtained at the discretion of the inter-
preting radiologist based on patients’ clinical character-
istics and scanning time in the initial inclusion time for
this study with progressive implementation in clinical
practice, while it was included as part of the standard
brain MRI protocol from June 2018, and acquired in all
subsequent patients undergoing MRI for suspected
stroke.
The brain magnetic resonance images were analysed
in consensus by two radiologists (GS and GM, with 29
and 15 years of experience in neuroimaging, respect-
ively) who were unaware of the patients’ clinical
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information. The radiologists evaluated the localisation
of CLN lesions in the cerebral cortex and the signal
intensity on T1-weighted, T2-weighted and FLAIR
images, along with susceptibility-weighted imaging
(SWI) sequences and the presence of restricted diffusion
on DWI and apparent diffusion coefficient (ADC)
maps. Lesions were scored as hypointense, isointense
or hyperintense on each sequence. The distribution of
hypoperfusion areas on ASL was also recorded, as well
as the presence of diffusion–perfusion mismatch.
Results
Patient characteristics and conventional MRI
findings
The characteristics of the included patients and MRI
findings in the acute stage are reported in Table 1. The
final population consisted of 14 patients, which were
seven men and seven women, with a mean age of
61.1 13.3 years, range 23–79 years.
In all patients, MRI was performed within 48 hours
form the onset of acute neurological deficit after major
cardiac (n¼ 6, 43%) or abdominal (n¼ 8, 57%) surgical
procedures. Clinical neurological manifestations in
these patients included epilepsy, rapidly developing
coma, dysarthria or hemiparesis. On MRI, all the
patients were characterised by cortical lesions showing
restricted diffusion on DWI images and hypointensity
on the ADC map. The ischaemic lesions were typically
confined in the cerebral cortex, without involvement of
the adjacent white matter. The lesions were distributed
in the frontal lobe in the majority of patients (n¼ 11,
79%), followed by the parietal lobe (n¼ 6, 43%) and
then the temporal or occipital lobe (n¼ 5, 36% in both
lobes). Six out of 14 (43%) patients presented with
bilateral ischaemic lesions involving more than one
cerebral lobe (Figure 1).
Regarding conventional MRI sequences, no signal
abnormalities were observed in the acute stage on
T1-weighted images or SWI sequences in any patient.
Hyperintense signal intensity was noted on
T2-weighted or FLAIR images on three (21%) and
six (43%) patients, respectively. In contrast, cortical
restricted diffusion on DWI images was the only abnor-
mality detected in eight (57%) patients, without correl-
ation in other sequences.
Arterial spin labelling MRI
Four out of 14 patients presenting with conventional
MRI evidence of acute stage CLN were imaged with
ASL in the acute phase. In two patients there was a
significant mismatch between the extension of signal
abnormalities on DWI and the hypoperfusion noted
on ASL maps. In particular, in the first case DWI
images demonstrated multiple bilateral regions with
restricted diffusion and hypointensity on the ADC
map at the level of the cortex showing laminar
distribution, localised on the temporal, occipital and
frontal lobes, respectively. The ASL maps showed
much more extensive damage, with larger cortical
areas of hypoperfusion in the right temporal lobe
(Figure 2). Similarly, the second case demonstrated mul-
tiple cortical areas of laminar restricted diffusion in the
right temporal, occipital and parietal lobes, while hypo-
perfusion was also noted in the contralateral areas when
using ASL imaging. In both cases, the patients died
within 7 days after the neurological onset due to the
progression of severe cortical damage, despite intensive
care treatment.
In the remaining two cases imaged with ASL there
was either a substantial overlapping between the areas
of restricted diffusion involving the cerebral cortex and
Table 1. Characteristics of the included patients and MRI findings
of cortical lesions in the acute stage.
Characteristics Number (%)
Patients 14 (100)
Gender
Men 7 (50)
Women 7 (50)
Age (years) 61.1 13.3
(range 32–79)
Surgical procedure
Cardiovascular 6 (43)
Abdominal 8 (57)
Ischaemic localisation
Frontal lobe 11 (79)
Parietal lobe 6 (43)
Temporal lobe 5 (36)
Occipital lobe 5 (36)
Bilateral 6 (43)
T1-weighted sequence
Hyperintense 0 (0)
Isointense 14 (100)
Hypointense 0 (0)
T2-weighted sequence
Hyperintense 3 (21)
Isointense 11 (79)
Hypointense 0 (0)
FLAIR
Hyperintense 6 (43)
Isointense 8 (57)
Hypointense 0 (0)
SWI
Hypointense 0 (0)
Iso- to Hyperintense 14 (100)
DWI
Diffusion restriction present 14 (100)
Diffusion restriction absent 0 (0)
MRI: magnetic resonance imaging; FLAIR: fluid-attenuated inversion recov-
ery; SWI: susceptibility-weighted imaging; DWI: diffusion-weighted
imaging.
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the hypoperfusion detected on ASL images, or no
abnormal perfusion noted on the ASL maps in the cor-
responding areas with diffusion restriction in a patient
with MRI acquired the day after the onset of the stroke.
After the resolution of the acute ischaemic symptoms,
both patients were discharged and planned for neuro-
motor rehabilitation.
Discussion
We present imaging findings of 14 patients with acute
phase CLN with stroke occurring in the postoperative
period as a complication of major surgical cardiovas-
cular or abdominal surgical procedures, including the
novel advanced MRI appearance of four patients
Figure 2. A 41-year-old woman with acute phase cortical laminar necrosis after orthotopic liver transplantation. Magnetic resonance
imaging acquired on axial (a) T1-weighted, (b) T2-weighted, (c) FLAIR, (d) diffusion-weighted imaging, (e) ADC map and (f) ASL map.
Cortical gyriform lesions are demonstrated in the right temporal lobe showing restricted diffusion and hypointensity on the ADC map,
consistent with cortical laminar necrosis. A significantly larger area of hypoperfusion is noted on corresponding ASL images (arrows)
involving all the right temporal lobe, with significantly reduced perfusion compared to the contralateral left temporal lobe. FLAIR: fluid-
attenuated inversion recovery; ADC: apparent diffusion coefficient; ASL: arterial spin labelling.
Figure 1. A 68-year-old man with acute-phase cortical laminar necrosis after cardiac surgery. Magnetic resonance images on diffusion-
weighted imaging show diffuse bilateral cortical areas with restricted diffusion in the temporal, frontal and parietal lobes, which
represented the first sign of the development of cortical laminar necrosis.
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imaged with ASL as advanced MRI. To the best of our
knowledge this is the first study of CLN imaged with
both DWI and ASL imaging.
In our population the lesions were distributed in the
cerebral cortex, with gyriform pattern and sparing of
the subcortical white matter, which are characteristics
compatible with the radiological diagnosis of CLN.13
While no signal abnormalities were detected in the
acute phase on T1-weighted or SWI sequences,
T2-weighted and FLAIR images already showed hyper-
intense cortical lesions without involvement of the adja-
cent white matter in 21% and 43% of patients,
respectively. These findings are concordant with prior
studies reporting laminar cortical hyperintensity on
T1-weighted imaging visible only 2 weeks after the
initial clinical manifestations14 and no significant
abnormalities on additional T2-weighted gradient
echo or SWI sequences that could reflect the presence
of paramagnetic substances such as haemosiderin or cal-
cifications.9,15,16 Radiological–pathological correlation
performed with autopsies was obtained in previously
published studies only in a few cases in patients with
CLN, and described correlation with the T1 shortening
on subacute/chronic phase MRI with the presence of
necrotic debris throughout the cortex with fat-laden
macrophages, but without evidence of haemorrhages
or calcifications.16–18
Diffusion restriction was the only sign present in
all our patients with acute phase CLN, and was
observed even without signal abnormalities on the
other conventional sequences in 57% of patients.
Only a few previous case reports have described the
appearance of CLN in the acute phase including DWI
imaging.3,4,10,11 Lee et al.3 reported a case of CLN due
to hypoglycemia appearing as cortical lesions with
restricted diffusion and gyriform distribution on MRI
performed after 2 days of the clinical onset. Choi et al.4
described the diffusion restriction preceding the appear-
ance of CLN in a patient with acute hepatic encephal-
opathy. This evidence suggests that the diffusion
restriction may be present even without any additional
correlation on other sequences in the acute phase. The
DWI abnormalities are usually reversible after 2–4
weeks and they were associated with poor outcome in
previous series.3,4,10,11,19
Advanced MRI techniques including ASL were per-
formed in four patients in our study. Hypoperfusion
areas were noted in three out of four patients imaged
with ASL. In contrast, in one of our cases no corres-
ponding perfusion abnormality was noted on the ASL
maps. This could be explained by the timing of the
MRI examination acquired at more than 24 hours
after the clinical onset, while in the remaining three
cases the MRI examinations were performed in the
first 12 hours. In one patient there was a significant
overlapping between the location of DWI restriction
and the areas of altered decreased perfusion relieved
on ASL maps. Interestingly, in two of our cases the
ASL abnormalities were much more extensive than
diffusion restriction, and the prognosis of these patients
was particularly poor, with death within 7 days of
intensive care. Further studies with a larger number
of patients will be necessary to explore the prognostic
value of ASL in CLN, and evaluate the mismatch with
diffusion restriction.20 Abnormal hypoperfusion on
MRI has been reported only in the subacute/chronic
phase by Morais et al.21 in a recently published case
of migrainous infarction presenting as CLN.
The MRI examination performed one month after the
migraine attack showed a cortical-based gyriform
lesion, with hyperintensity on T1-weighted imaging
and cortical enhancement after contrast administration
associated with hypoperfusion on perfusion-weighted
imaging (PWI) and the absence of activation of the
injured cortex on functional MRI.
ASL represents a novel advanced MRI technique
that allows the non-invasive measurement of the cere-
bral perfusion without contrast injection.22–25
Compared to other imaging technique for the evalu-
ation of brain perfusion (PWI), the major advantages
of ASL are the non-invasiveness, the repeatability over
time and the possibility to obtain information about
perfusion without the need for intravenous gadolinium
contrast administration.26 The ASL may be integrated
in the standard MRI protocol for the evaluation of
ischaemic patients with minimal increment of scanning
time. This may be particularly helpful in critical
patients with hypoperfusion complex and multi-organ
failure, which are often accompanied by transient acute
renal injury, contraindicating intravenous contrast
administration.26 Promising clinical applications of
ASL are emerging for the evaluation of Alzheimer’s
disease and dementia, arteriovenous malformation, epi-
lepsy, tumour histology and progression, and finally
acute or chronic perfusion abnormality.23,24,26–28 In
our initial experience, ASL was adequately performed
even in critical patients in the postoperative period,
allowing us to obtain additional information regarding
the perfusion abnormalities in the acute phase of
ischaemic lesions. The lack of contrast administration
is the major advantage of ASL as opposed to other
perfusion techniques (PWI), especially for critical
patients with hypoperfusion complex associated with
possible acute kidney failure. We speculated that per-
fusion abnormalities demonstrated on the ASL maps in
the acute phase in our series may be explained by the
presence of reduced blood supply in the setting of non-
occlusive hypoxic–ischaemic encephalopathy.24,29–31
Finally, we acknowledge the several limitations of
this study, most notably related to the retrospective
study design and to the small number of patients
included. However, the latter reflects the rarity of
CLN in clinical practice, especially in the acute phase
in the postoperative setting. We did not have a control
group to compare the MRI findings on DWI and ASL
images. Furthermore, the lack of long-term imaging
follow-up may have limited the imaging analysis of
the evolution of CLN lesions.
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In conclusion, we presented the imaging appearance
of CLN in the acute phase, imaged with both conven-
tional and advanced MRI techniques. Cortical hyper-
intense abnormalities on DWI may be the only sign of
developing CLN injury, even without correlation on
other sequences. The acquisition of ASL may help to
identify perfusion alterations and the extension of the
ischaemic injury and likely correlates with a poor prog-
nosis. A further prospective study, including a larger
number of patients, may be helpful to understand
better the chronological changes and outcome of CLN.
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